We determined cellular and humoral immune responses to Borrelia burgdorferi lysate and to recombinant flagellin (FlaB), OspC, and OspA in acute-and convalescent-phase samples from 39 culture-positive patients with erythema migrans and in 20 healthy control subjects. During the acute illness, a median of 4 days after the onset of erythema migrans, 51% of the patients had proliferative cellular responses and 72% had antibody responses to at least one of the borrelial antigens tested. During convalescence, at the conclusion of antibiotic therapy, 64% of the patients had proliferative cellular reactivity and 95% had antibody reactivity with at least one of the spirochetal antigens tested. In both acute-and convalescent-phase samples, cellular immune responses were found as frequently to OspA as to OspC and FlaB. Although antibody responses were also frequently seen to OspC and FlaB, only a few patients had marginal antibody reactivity with OspA. The percentage of patients with proliferative responses was similar in those with clinical evidence of localized or disseminated infection, whereas humoral reactivity was found more often in those with disseminated disease. We conclude that cellular and humoral responses to B. burgdorferi antigens are often found among patients with early Lyme disease. In contrast with the other antigens tested, cellular but not humoral reactivity was often found with OspA.
Lyme disease in the United States is caused by the ticktransmitted spirochete Borrelia burgdorferi sensu stricto (27) . The illness usually begins with a characteristic, expanding skin lesion, erythema migrans (EM), which is sometimes accompanied by flu-like symptoms (24, 28) . Within days to weeks, spirochetes may disseminate to other sites, particularly to the nervous system, heart, or joints. Weeks to months later, manifestations of disseminated infection may develop, such as lymphocytic meningitis, atrioventricular nodal block, or oligoarticular arthritis (27) . The wide range in outcomes in untreated patients probably reflects interplay between spirochetal virulence and differences in host immune responses.
B. burgdorferi induces complex cellular and humoral immune responses to a number of spirochetal proteins in patients with Lyme disease (1, 5, 10, 12, 21, 33) . During tick feeding, the spirochete up-regulates or down-regulates certain outer-surface proteins (Osp), which apparently allow the organism to adapt to and survive in markedly different arthropod and mammalian environments (9) . For example, OspA, a 31-kDa lipoprotein, is prominently expressed on the spirochete's outer membrane in the mid-gut of the tick, and it is down-regulated during tick feeding and transmission to the mammalian host (22) . Conversely, OspC, a 23-kDa lipoprotein, is up-regulated during tick feeding as the spirochete traverses to the tick salivary gland and to the mammalian host (26) . Prominent early immune responses in Lyme disease include reactivity with OspC and the 41-kDa flagellar antigen (FlaB) of the spirochete (1, 10, 12) .
In Europe, where Lyme borreliosis is caused primarily by infection with B. garinii and B. afzelii, Krause et al. determined cellular and humoral responses to whole B. burgdorferi and to recombinant OspA and FlaB in 35 patients with early-or late-stage Lyme borreliosis (19) . Most patients had marked cellular immune responses to whole B. burgdorferi. In addition, the 11 patients with early Lyme disease often had T-cell responses to OspA and FlaB, but these patients lacked antibody reactivity with OspA. Such responses were detected only in a few late-stage Lyme borreliosis patients.
Cellular immune responses to live B. burgdorferi were reported previously in three of six American patients tested with early Lyme disease (7) . However, the interaction of cellular and humoral immune responses has not been assessed previously in American patients with early infection. In the present study, we determined T-and B-cell responses to B. burgdorferi lysate and to recombinant B. burgdorferi antigens, FlaB, OspC, and OspA, in acute-and convalescent-phase samples from culture-positive patients with EM and in healthy control subjects.
MATERIALS AND METHODS
Patients. During the summers of 1998 and 1999, 52 patients with EM were recruited for the study at two field sites, one in East Lyme, Conn. (V.K.S.), and the other in Wakefield, R.I. (N.D.). The study was approved by the Human Investigations Committee at New England Medical Center. The patients met the criteria of the Centers for Disease Control and Prevention that are used for the surveillance of Lyme disease (3). They had EM, which was defined as an expanding annular lesion, at least 5 cm in diameter, often with partial central clearing.
At the initial visit, the physicians at the two field sites did a clinical assessment of signs and symptoms, using a standardized questionnaire, and based on this information, they made a clinical judgement regarding whether the patient had localized or disseminated infection. Localized infection was defined as localized EM accompanied by no more than regional lymphadenopathy, fatigue, mild headache, or myalgias. Disseminated infection was defined as EM accompanied by secondary annular skin lesions, arthritis and/or arthralgia in one or a few joints, or the combination of headache and neck stiffness or facial palsy.
Collection of samples. A 1.5-mm punch biopsy was done for culture at the leading edge of EM lesions. Each skin biopsy specimen was placed immediately in a 15-ml sterile tube containing 13 ml of modified Barbour-Stoenner-Kelly medium (BSK-H; Sigma, St. Louis, Mo.) plus ciprofloxacin (0.4 g/ml) and rifampin (40 g/ml). Samples were sent overnight to New England Medical Center, where the tubes were immediately incubated at 33°C. After several days of incubation, half the culture medium was replaced with fresh medium without antibiotics. The tubes were examined weekly by dark-field microscopy for motile spirochetes for 1 month. Of the 52 patients, 39 (75%) had positive cultures for B. burgdorferi from the skin biopsy samples.
At the initial visit, an acute-phase blood sample, collected in heparinized tubes, and a serum sample, collected in nonheparinized tubes, were also obtained for cellular and humoral immune studies, and the same types of specimens were collected during convalescence at the conclusion of antibiotic treatment. After overnight shipping, peripheral blood lymphocytes (PBL) were separated by the Ficoll-Hypaque method (lymphocyte separation medium; Organon Teknika, Durham N.C.). PBL were frozen in liquid nitrogen and serum samples were frozen at Ϫ70°C for subsequent determinations. In order to be certain of the diagnosis, cellular and humoral immune responses in this study were determined only in samples from the 39 culture-positive patients. For comparison, blood samples were obtained from 20 healthy control subjects in the laboratory.
B. burgdorferi antigens. Sonicated lysates of B. burgdorferi sensu stricto proteins were made from strain G 39/40. The spirochetes were grown in BSK-H medium, harvested by centrifugation, washed with phosphate-buffered saline, sonicated and filtered, as previously described (6) . Full-length, non-lipidated OspA and OspC, minus the signal peptide, were generated as recombinant fusion proteins with Escherichia coli maltose binding protein, as previously described (14, 17) . Recombinant OspA was derived from B. burgdorferi strain B31, and OspC was derived from strain 297, a virulent strain isolated from a patient with Lyme meningitis. Recombinant FlaB fused with CMP-2-keto-3-deoxyoctulosonic acid synthetase (CKS) was a kind gift from John Robinson at Abbott Laboratories (Abbott Park, Ill.) (25) . We have previously shown that patients rarely have cellular or humoral responses to the fusion partner maltose binding protein or CKS alone (14, 25) , and therefore, these control proteins were not included in the current study.
T-cell proliferation assay. PBL were tested for reactivity with B. burgdorferi lysate and recombinant B. burgdorferi antigens in standard proliferation assays. Briefly, 5 ϫ 10 5 mononuclear cells were plated in round-bottom, 96-well plates (Costar, Cambridge, Mass.) in 200 l of complete medium (RPMI 1640 with 10% human AB serum [Sigma], 2 mM glutamine, penicillin [100 U/ml], streptomycin [100 g/ml], and 9.5 mM HEPES buffer [all reagents from Gibco BRL, unless noted]). In preliminary studies, optimal antigen concentrations were shown to be 25 g/ml for B. burgdorferi lysate and 10 g/ml for P41, OspC, and OspA antigens. After 5 days in culture with 5% CO 2 at 37°C, [ 3 H]thymidine (0.5
Ci/well) in 50 l of complete medium was then added to each well. The cells were harvested 16 to 18 h later with an automated harvester (Packard Instruments, Meriden, Conn.), and the incorporated thymidine was detected in a liquid scintillation counter (Top Counter; Packard Instruments). In order to minimize day-to-day and patient-to-patient variation in test performance, the results are expressed throughout as a stimulation index, which represents the counts per minute obtained with antigen stimulation divided by the counts per minute in unstimulated control wells. The cutoff for a positive value was defined as 3 standard deviations (SD) above the mean value of the 20 healthy control subjects. Serologic assays for antibody to B. burgdorferi. The immunoglobulin M (IgM) and IgG antibody responses to B. burgdorferi lysate and recombinant borrelial antigens were measured using modifications of previously described methods (1, 6, 10) . Ninety-six-well Immulon 1 plates (Dynatech Inc., Kensington, Md.) were coated with each of the antigens (1 g/well) in coating buffer (0.05 M sodium carbonate, pH 9.6). These concentrations were shown to be in antigen excess using checkerboard dilutions of each recombinant antigen and a strongly positive patient serum sample. After incubation overnight at 4°C, the plates were washed with PBS-0.05% Tween 20 and incubated with milk buffer (5% nonfat dried milk in PBS-0.05% Tween 20) for 45 min at 37°C. After washing, 200 l of each patient's serum sample (1:50 dilution) was plated in duplicate and incubated for 45 min at 37°C. Following another wash, the plates were incubated with alkaline phosphatase-conjugated, goat anti-human IgG (1:750; Biosource, Camarillo, Calif.) or IgM (1:500; Biosource) in milk buffer at 37°C for 45 min. The substrate was freshly prepared p-nitrophenyl phosphate. The plates were read at 405 nm when the highest concentration (1:50 dilution) of the positive control sample, which was included on each plate, reached 1.0. The cutoff for a positive value for the IgG and IgM antibody was defined as 3 SD above the mean absorbance of eight negative control samples included on the same plate. These samples were previously shown to be representative of values obtained from 50 normal control subjects (10) .
The two-test approach of enzyme-linked immunosorbent assay (ELISA) and Western blotting was done on samples with a positive response to B. burgdorferi lysate by ELISA. A commercial test system (MarDx, San Diego, Calif.) was used for Western blotting, which was carried out according to the manufacturer's instructions. The results were interpreted according to the Centers for Disease Control/Association of State and Territorial Laboratory Directors' criteria (4) .
Statistical analysis. The findings among patient groups were compared by Fisher's exact test. Values obtained during acute and convalescent phases of the illness were compared by paired t test. All P values are two-tailed.
RESULTS
Clinical characteristics of patients. The 39 culture-positive patients with EM had a median age of 50 years, and they consisted of nearly equal numbers of men and women (Table  1) . About one-quarter of the patients remembered a tick bite at the site where an expanding erythema was noted a median of 9 days later. The study physicians evaluated the patients a median of 4 days (range, 1 to 21 days) after the onset of EM. On examination, the skin lesions were a median of 10 cm in diameter, and 8 patients (21%) had secondary annular skin lesions. Associated symptoms included malaise and fatigue, fever and chills, headache and neck stiffness, and arthralgias. Most of the patients were treated with doxycycline, 100 mg twice a day, but a few patients received amoxicillin, 500 mg three times a day, or cefuroxime axetil, 500 mg twice a day-in each instance for 21 to 30 days. All of the patients had the resolution of EM and associated symptoms within a median duration of 6 days after the start of antibiotic therapy. No patient experienced subsequent manifestations of the illness. Cellular immunity. During the acute phase of the illness, a median of 4 days after the onset of EM, PBL from 17 of the 39 patients (44%) had proliferative responses to B. burgdorferi lysate, which were at least 3 standard deviations above the mean value of 20 healthy control subjects ( Table 2 ; Fig. 1 ). In addition, three patients (8%) had responses to the P41 flagellar antigen (FlaB) of the spirochete, and eight (21%) had reactivity with OspC, which are known to be prominent early responses in the infection (1, 8, 9) . Moreover, eight patients (21%) had proliferative responses to OspA, a protein that is down-regulated by the spirochete during tick feeding and transmission to the mammalian host (16) . Altogether, 51% of the patients had proliferative responses to one or more of these borrelial antigens in acute-phase samples.
At the conclusion of antibiotic treatment, a median of 22 days after study entry, the number of patients with proliferative responses to B. burgdorferi antigens and the strength of the responses were usually greater than during the acute phase of the illness (Table 2) . During convalescence, 64% of the patients had responses to at least one of the borrelial antigens tested; approximately 40% each had reactivity with FlaB, OspC, or OspA, and 26% had reactivity with all of these antigens. During both acute and convalescent phases of the illness, cellular immune responses to OspA were as frequent as those to FlaB and OspC.
Humoral immunity. During acute infection, 16 of the 39 patients (41%) had positive antibody responses to B. burgdorferi lysate by ELISA, usually of the IgM isotype, which were at least 3 SD above the mean values of eight representative, healthy control subjects (Table 3 ; Fig. 2 ). In addition, 18 patients (46%) had responses to FlaB, and 24 (62%) had reac-FIG. 1. Cellular immune responses to B. burgdorferi lysate and recombinant spirochetal proteins are shown, as determined by proliferation assay. Antigen-induced proliferation (counts per minute) was divided by proliferation in the absence of antigen to obtain a stimulation index. The cross-hatched area represents the mean value plus 3 SD for 20 healthy control subjects. The bar indicates the mean value of patients' responses. The values were slightly greater in convalescent-phase samples than in acute-phase samples, but the differences were statistically significant only for FlaB (P ϭ 0.01). Duration of infection and immune responses. In acutephase samples, the numbers of patients with positive cellular immune responses to B. burgdorferi lysate, FlaB, or OspC were similar in those with symptoms for Ͻ1 week or for Ն1 week (Table 4 ). In contrast, the percentage of patients with humoral immune responses to borrelial antigens tended to be greater in those with longer duration of disease, but antibody responses to OspA were rarely found at any time.
Localized versus disseminated infection. Of the 39 patients, 13 had a clinical picture of localized infection, and 26 had clinical evidence of disseminated disease. The 13 patients with infection apparently localized to the skin usually had no other symptoms. In contrast, 8 of the 26 patients (31%) with clinical evidence of disseminated infection had secondary annular skin lesions, and most of the 26 patients had headache and neck stiffness or arthralgias, which were usually accompanied by malaise and fatigue. Patients with localized or disseminated infection had a similar median duration of EM prior to evaluation by the study physicians-3 days for the group with localized infection and 4 days for the group with disseminated infection.
In both the acute and convalescent phases of the illness, the percentage of patients with proliferative responses to B. burgdorferi lysate or recombinant borrelial antigens was similar in those with clinical evidence of localized or disseminated infection (Table 5 ). In contrast, humoral immune reactivity with each of the spirochetal antigens tested tended to be greater among those with disseminated infection, particularly during convalescence. At that time, 81 and 96% of patients had antibody responses to FlaB or OspC, respectively, compared with 54 and 69% of those with localized disease, which were differences of possible statistical significance.
Correlation of cellular and humoral immune responses. Cellular immune responses to B. burgdorferi did not correlate with humoral immune reactivity. During both acute and convalescent phases of the illness, the numbers of patients with antibody reactivity were greater than the numbers with cellular immune responses (Tables 2 and 3 ). Moreover, there were patients with weak cellular reactivity and strong humoral responses or vice versa (data not shown). Overall, cellular reactivity with OspA was as frequent and as strong as the cellular responses to FlaB and OspC. In contrast, patients often had antibody reactivity with FlaB and OspC, but only a few had slight antibody responses to OspA.
DISCUSSION
In this study of patients with culture-positive EM, cellular and humoral immune responses to B. burgdorferi antigens were often found among patients with early Lyme disease. In acutephase samples, 51% of the patients had proliferative cellular immune responses and 72% had antibody responses, defined as values at least 3 SD above the mean values of healthy control subjects. Because spirochetal killing and antigen processing continue for some time after initial antibiotic treatment, the percentage of patients with positive cellular or humoral immune responses was greater during convalescence, approximately 3 weeks later, at the conclusion of antibiotic therapy. By that time, 64% of the patients had proliferative cellular reactivity and 95% had antibody reactivity, determined by ELISA, with at least one of the spirochetal antigens tested. Using the more-stringent two-test approach of ELISA and 
FIG. 2.
Humoral immune responses to B. burgdorferi lysate and to recombinant spirochetal proteins are shown, determined by ELISA. The cross-hatched areas denote the mean value plus 3 SD for eight representative, healthy control subjects, whose serum samples were included on the same plate. The bar indicates the mean value of patients' responses. The values are greater in convalescent-phase samples than in acute-phase samples, but the differences were statistically significant only with B. burgdorferi lysate (P Ͻ 0.001).
Western blotting, 74% had antibody responses during convalescence, a percentage compatible with past experience (10, 12) . Since B-cell responses usually require T-cell help, the apparent greater frequency of humoral compared with cellular responses suggests that ELISA may be more sensitive for the determination of antibody responses than proliferation assay for the determination of T-cell responses. However, specific antibody diffuses freely from peripheral lymph nodes, whereas borrelia-specific T cells are presumably located preferentially in regional lymph nodes and at the site of infection in EM lesions. Thus, a humoral response may simply be easier to detect in peripheral blood than a cellular response. Alternatively, some B cells may be activated by T-cell-independent antigens.
In this study, cellular immune responses to OspA were found as frequently as those to OspC and FlaB. Although antibody responses were also frequently seen to OspC and FlaB, only a few patients had slight antibody reactivity with OspA. Dissociation of the cellular and humoral immune responses to OspA has been noted previously (19) . To explain these immune findings, we postulate the following series of events. Immune cells first encounter B. burgdorferi in the skin at the site of the tick bite. EM lesions have mild-to-marked perivascular infiltrates of T cells and macrophages and, sometimes, small numbers of plasma cells (23) . As a part of the innate immune response, spirochetal lipoproteins bind the CD14 molecule and toll-like receptor 2 on macrophages in EM lesions, which leads to the production of proinflammatory cytokines (16) . To initiate an adaptive immune response, antigen presenting cells, including macrophages and dendritic cells, engulf spirochetes (13) and migrate via afferent lymphatics to peripheral lymph nodes where they present processed spirochetal peptides to T cells. Some spirochetes in EM lesions may express small amounts of OspA, and the presentation of small amounts of processed OspA peptides in regional lymph nodes may be enough to trigger a T-cell response. A single major histocompatibility peptide complex can trigger serially up to 200 T-cell receptors (31) , and optimal T-cell stimulation may be achieved by interaction with as few as 1,500 T-cell receptors as long as costimulatory molecules are also engaged (31, 32) . Borrelia-specific B cells are activated by intact B. burgdorferi antigens, which cross-link surface immunoglobulin, usually in the presence of T-cell help. In contrast with the small amounts of peptides required to activate T cells, the amount of antigen required for activation of an individual B cell is variable and depends on B-cell receptor affinity (2) . Therefore, in most cases, the amounts of intact OspA draining to lymph nodes must be insufficient to cross-link immunoglobulin on the surface of B cells, and therefore, B cells are not activated.
Although it has been demonstrated that the spirochete down-regulates OspA early in the infection (22) , to date it has not been possible to examine OspA expression directly later in the illness. Nevertheless, the strong cellular and humoral immune responses to OspA that develop in some patients with Lyme arthritis (1, 5, 10, (17) (18) (19) (20) 33) suggest that the spirochete may sometimes up-regulate the expression of this protein within the inflamed joint. In genetically susceptible patients, particularly those with HLA-DRB1‫1040ء‬ or related alleles (29) , cellular and humoral reactivity with OspA is associated with persistent knee swelling for months or even several years after treatment with Ն2 months of oral antibiotics or Ն1 month of intravenous antibiotics (5, 17, 18, 20, 30) . It has been postulated that such treatment-resistant courses may develop within the proinflammatory milieu of the joint because of molecular mimicry between a dominant T-cell epitope of OspA and human lymphocyte function associated antigen-1 (15) or another similar autoantigen. Presumably, such responses do not develop in patients with T-cell responses to OspA early in the infection because tolerance may be broken only after prolonged exposure to this protein within the pro-inflammatory microenvironment of the joint.
In the current study, the frequency of proliferative cellular immune responses was similar among patients with localized or disseminated infection. Thus, antigen presenting cells seem to present processed spirochetal antigens to T cells in regional lymph nodes as often in patients with localized infection as in those with disseminated disease. In contrast, patients with disseminated disease more often had measurable antibody responses to borrelial antigens, particularly during convalescence. Presumably, patients with disseminated disease have more intact borrelial antigens that reach lymphatic tissue, where they induce a borrelia-specific antibody response. However, none of the responses that we measured correlated with the severity of early infection.
In the late 1980s, Dattwyler et al. described 17 patients who were treated with antibiotic therapy for EM but subsequently developed attenuated symptoms of late Lyme disease (8) . Although all 17 patients were seronegative, 14 had cellular responses to B. burgdorferi by proliferation assay. Subsequent studies reported that the proliferation assay lacked either sensitivity (11) or specificity (34), depending on how the cutoff values were defined. For this reason, we do not advocate the use of this test by itself to support the diagnosis of Lyme disease. However, as performed here for patients with cultureconfirmed EM, we believe that the assay gave reliable results. Although B. burgdorferi sonicate may cause mitogenic responses, PBL from many patients did not react with this preparation. Moreover, the number of patients with positive responses and the strength of the responses were usually greater in convalescent-phase samples than in acute-phase specimens, a pattern suggestive of true-positive responses.
In summary, cellular and humoral immune reactivity were often found to B. burgdorferi antigens among patients with early Lyme disease, particularly during convalescence. Although both cellular and humoral responses were frequently found to FlaB and OspC, only cellular reactivity was usually found with OspA. The dissociation of the cellular and humoral immune response to OspA, a protein that is down-regulated early in the infection, may occur because small amounts of processed peptides may trigger T cells, whereas intact antigen is required to activate B cells.
